family including more than 300 identified carbon skeletons 3 and play a variety of ecological roles in higher plants 10 . Some of these volatile compounds are inducibly emitted by wooding and exhibit antifeedant activities against herbivores 11 13 . Several studies have shown that sesquiterpene germacrene D extracted from plants induces neuron responses and elicits the sexual attraction of the male American cockroach 14 .
INTRODUCTION
Terpenoids, also known as isoprenoids, are the most diverse family of natural compounds. To date, more than 80,000 terpenoids have been reported 1 , the majority of which have been isolated from plants 2, 3 . Plant terpenoids are classified as primary metabolites, such as gibberellins, carotenoids, and sterols, necessary for cellular function and maintenance, or secondary metabolites that are not involved in growth and development 4 . Secondary metabolic terpenoids often exhibit antimicrobial and antifungal activities 5 8 and even attract pollinators 9 .
C15 sesquiterpenes consisting of three isoprene C5 units are typically synthesized from farnesyl diphosphate FPP with terpene synthases. Sesquiterpenes display the greatest range of structural diversity among the terpenoid medicine especially in East Asia 19, 20 . Zerumbone, a sesquiterpene contained in shampoo ginger 10 , was demonstrated to be pharmaceutically active against cancer 25 27 and leukemia 28 . β-Eudesmol, also found in shampoo ginger and Atractylodes lancea, has anti-angiogenic activity 10, 29 , and has unique effects of potentiating neuronal function 30 . A sesquiterpene E -β-caryophyllene BCP is found in large amounts in the essential oils of oregano, cinnamon, black pepper, cannabis, etc., and therapeutically functions as a nonpsychoactive cannabinoid which leads to potential drug candidates for the treatment of a range of different diseases 31 . As such, sesquiterpenes are promising compounds in respect to human health.
Acanthopanax sciadophylloides Franch. et Sav. and A. sieboldianus are deciduous trees that belong to the family Araliaceae. The former is an arbor and the latter is a shrub. The sprouts of these trees have a peculiar fragrance and are utilized for Japanese traditional foods such as Tempra . We expected that the fragrance emitted from younger tissue could function as an antifeedant against herbivores and would contain monoterpenes and sesquiterpenes. Curcuma zedoaria Rosc, also known as zedoary or Gajutsu , is a perennial rhizomatous plant, which belongs to the family Zingiberaceae 32 . Zedoary is cultivated as a vegetable, spice, and perfumery material in Southeast Asian countries 33 . The rhizome of zedoary has been used as a traditional folk medicine 32 , and the essential oil of the dried rhizome contains 17 terpenes 34 . In this report, we describe the cloning and characterization of novel sesquiterpene and monoterpene synthase TPS genes Tpss from traditional edible plants using mevalonate MVA -pathway-engineered Escherichia coli cells with D-mevalonolactone MVL or lithium acetoacetate LAA supplements 35 .
EXPERIMENTAL 2.1 Plant material
Sapling plants of A. sciadophylloides Franch. et Sav. were picked at Misorano, Hakubason, Kita-azumigun, Nagano. Juvenile plants of A. sieboldianus were purchased from Kokkaen Co. Ltd. Osaka, Japan . These Acanthopanax plants were planted in the Institute-affiliated field. In April, sprouts were collected, frozen with liquid nitrogen, and stored at 80 until use for molecular experiments. Rhizomes of C. zedoaria were purchased from a horticultural shop in Okinawa. In April, the rhizomes were planted and cultured in the Institute-affiliated field. In September, developing rhizomes were harvested, frozen with liquid nitrogen, and stored at 80 .
Isolation of cDNA fragments of terpene synthase
from plant tissues Plant tissues were powdered using pestles and mortars in liquid nitrogen. Total RNA extraction, complementary DNA cDNA synthesis by reverse transcription RT reaction, the amplification of Tps partial fragments by the polymerase chain reaction PCR using degenerate primer set, and the amplified fragments cloning were described previously 10, 36 .
Cloning of the entire set of terpene synthase genes
The 5 and 3 ends of the cDNA of Tpss were isolated by rapid amplification of cDNA ends RACE . Race primers were designed depending on the sequences of the cDNA fragment cloned above Table 1 . PCR conditions were as follows: 94 for 2 min, 30 cycles of three steps 94 for 30 s, 60 for 30 s, and 72 for 4 min . The PCR products were cloned into the pGEM-T Easy vector Promega and nucleotide sequences were determined. When the 5 end sequences did not reach the initiation codon, the second 5 Table 1 Primers used for the cloning of terpene synthase TPS genes Tpss . race primers were designed from the sequences of 5 race clones and the race processes were repeated Table 1 . In order to obtain cDNA fragments containing the entire terpene synthase genes, the primers which included the initiation codon or the stop codon were designed Table 1 and PCRs were performed. PCR conditions were as follows: 94 for 2 min, five cycles of three steps 94 for 30 s, 55 for 30 s, and 72 for 4 min , and 25 cycles of three steps 94 for 30 s, 60 for 30 s, and 72 for 4 min . The PCR products were cloned into pGEM-T Easy vector and their sequences were analyzed.
Sequence analysis
The analysis of the amino acid sequence similarity of TPSs and their accession numbers were described previously 21, 36 , except for AtTPS10 AF178535 .
Identi cation of an in vivo product in metabolically en-
gineered E. coli An entire ORF was transferred into the E. coli expression vector pETDuet-1 Merck formerly Novagen , Darmstadt, Germany . The procedures of transformation and culturing of E. coli, extraction of the TPS products, and GC-MS analysis performed on Shimadzu GCMS-QP5050 Shimadzu, Kyoto, Japan or a 7890A GC system coupled to a 5975C MS detector Agilent Technologies, CA, USA were described previously 35, 36 . The authentic samples purchased from reagent companies were as follows: BCP Wako, Osaka, Japan , linalool Sigma-Aldrich, Missouri, USA , nerolidol Sigma-Aldrich , and β-eudesmol Sigma-Aldrich . As for the structural analysis of C. zedoaria TPS2 CzTPS2 product, NMR was used 37 . First, we culture engineered E. coli carrying CzTps2 in two layers n-octane/ 2-YT for 1 liter, purified the product through two phase partition alkane/90 MeOH and silica gel column chromatography using n-pentane as the developing solvent 37 , and analyzed the structure by NMR spectra 1D 1 H and 13 C and 2D 1 H-1 H COSY, HMQC, HMBC 37 , and optical rotation data if needed.
Accession numbers of genes isolated from edible plants
The nucleotide sequences isolated from edible plants were registered in DDBJ under the following accession
AscTps3 , and LC387459 CzTps2 .
RESULTS

Cloning of full length TPS genes from edible plants
To isolate cDNA fragments that encode sesquiterpene and monoterpene synthases, RT-PCR was performed using the degenerate primers described by Yu et al. 10 . Templates for the RT-PCR were cDNAs prepared from the total RNAs extracted from the sprouts of A. sciadophylloides and A. sieboldianus and the developing rhizomes of C. zedoaria. Some of the sequences of amplified fragments showed significant similarity to TPSs. For example, a clone isolated from A. sciadophylloides showed similarity to germacrene D synthase accession no. AAS66357 of Vitis vinifera.
Next, we isolated the 5 and 3 ends of each Tps-like cDNA by RACE Table 1 and formed contigs. To obtain full-length cDNA fragments, PCRs were performed with new primer sets designed at each initial or terminal codon Table 1 . The resultant fragments included several nucleotide substitutions, and some of these led to amino acid substitutions. Thus, three cDNA clones were isolated by PCR using one primer set and designated as A. sciadophylloides terpene synthase 1 AscTps1 , AscTps2a, and AscTps2b, which encode proteins AscTPS1, AscTPS2a, and AscTPS2b, respectively Fig. 1 . The similarity between AscTPS1 and AscTPS2 was 84-85 . Four amino acids were different between AscTPS2a and AscTPS2b, whose similarity was 99 . Another cDNA clone was also isolated from A. sciadophylloides and designated AscTps3, whose amino acid sequence, AscTPS3 Fig. 1 , was similar to that of monoterpene synthase.
In the same way, four cDNA clones isolated from A. sieboldianus were designated AsiTps1a, AsiTps1b, As-iTps1c, and AsiTps1d, which encode proteins AsiTPS1a, AsiTPS1b, AsiTPS1c, and AsiTPS1d, respectively Fig. 1 . When comparing the amino acid sequence of AsiTPS1a with that of AsiTPS1b, AsiTPS1c, or AsiTPS1d, their similarities were all 99.6 and two amino acids were different in each case. Three clones isolated from C. zedoaria were designated CzTps1a, CzTps1b, and CzTps2, and the encoded proteins were CzTPS1a, CzTPS1b, and CzTPS2, respectively Fig. 1 . The amino acid sequence similarity between CzTPS1a and CzTPS1b was 99.6 and two amino acids were different. The similarity between CzTPS1a and CzTPS2 was 61.1 .
Analysis of conserved motifs and phylogenetic rela-
tionship of edible plant TPSs Aspartate-rich motifs, such as the RDR, DDxxD, and NSE/DTE motifs, which are conserved in TPSs were also conserved in all the amino acid sequences obtained from the edible plants described above Fig. 1 . AscTPS1, As-cTPS2a, AscTPS2b, and AscTPS3 were expected to localize in plastids by the iPSORT analysis. As for the other TPSs, plastid localization was not expected. Since sesquiterpene synthases were commonly expected to localize at cyto- 38 . Other TPSs belong to the Tps-a group, consisting of angiosperm sesquiterpene synthases 39 . These TPS amino acid sequences were phylogenetically analyzed with comparison to known TPSs of other plants which contain the genus Zingiber, maize, cotton, lemon basil, and grand fir 24, 40, 41 . As a result, TPSs showed the tendency to be grouped within the same genus or family rather than with the other sesquiterpene synthases that can generate the same products Fig. 2 .
Functional expression of edible plant
Tps in the MVApathway-engineered E. coli and the TPS products analyses by GC-MS and NMR Recombinant E. coli BL21-CodonPlus DE3 cells that harbor plasmid pET-Tps and plasmid pAC-Mev/Scidi/Aacl containing the genes for d-mevalonate and LAA utilization were cultured with MVL or LAA. The ethyl acetate extract from the E. coli cell pellets was examined with GC-MS. Because the engineered E. coli cells are able to synthesize FPP from MVL or LAA as the substrate 10, 35, 42, 43 , active TPS introduced in E. coli would synthesize sesquiterpene s or monoterpene s . When the recombinant E. coli harboring AscTps1 was cultured, two peaks were newly found, whose retention times rts were 25.4 min peak 1, Fig. 3 and 27.4 min peak 2, Fig. 4 . From the mass spectrum analysis using an equipped database, these peaks were expected to be BCP and α-humulene, respectively Fig. 3, 4 . This expectation was confirmed by observing the peak coincidence in the chromatogram of GC-MS analysis, in which standard BCP or α-humulene was mixed with the E. coli extract Figs. 3 and 4 . As for the standard α-humulene, the extract of recombinant E. coli carrying pET-ZSS1 42 was used, since α-humulene of merchandise was not obtained from any reagent company. Because BCP was the major product Fig. 3 , AscTps1 encodes BCP synthase. The function of AscTps2 was also examined in the same way as that of AscTps1. When the AscTps2 expression was induced by IPTG, peak 3 was found at 28.4 min in the E. coli cell extract Fig. 5 . The mass spectrum of peak 3 was similar to that of germacrene D in the database analysis. The coincidence of peak 3 and standard germacrene D, which was extracted from recombinant E. coli carrying pET-ZoGeD 44 , was confirmed by GC-MS analysis of their mixture Fig. 5 . These results indicate that AscTps2 encodes germacrene D synthase.
The functions of AscTps3, AsiTps1, and CzTps1 were also examined similarly Figs. 6-9 . The results indicate that these Tpss encode linalool/nerolidol synthase, BCP synthase, and β-eudesmol synthase, respectively. Optical rotation α D of the purified nerolidol peak 5 in Fig. 7a was 13.0. Thus, the conformation of the generated nerolidol was determined 3S Fig. 11 . It is also likely that linalool generated as the alternative AscTPS3 product Fig.  6 has the same conformation.
Although the function of CzTps2 was examined and expected to encode germacrene B synthase, we could not confirm this because authentic germacrene B was not obtained Fig. 10 . We culture engineered E. coli carrying CzTps2, purified the product, and analyzed the structure by NMR spectra 1D 1 H and 13 C and 2D 1 H-1 H COSY, HMQC, HMBC 37 . Detailed analyses of 1D and 2D NMR spectra unambiguously proved the product as germacrene B. 1 H and 13 C NMR data of the product showed a good agreement with those of previously reported germacrene B 45 Fig. 10 . 
DISCUSSION
AscTps1, isolated from A. sciadophylloides in this study, encodes an enzyme that catalyzes the formation of BCP and lesser amounts of α-humulene. The first step of these sesquiterpenes formation is pulling out a diphosphate from FPP 10 . The resultant carbocation attacks the distal double bond and forms a humulyl cation, which can either form α-humulene or generate BCP. The primary product of Shampoo ginger TPS, ZSS1, was α-humulene and the secondary product was a trace amount of BCP 10 . Namely, ZSS1 and AscTPS1 synthesize BCP and α-humulene but their ratio in the product was opposite. This could be attributed to the higher catalytic activity of AscTPS1 that promotes 2,10 closure of the humulyl cation 10 , which was also suggested in AsiTPS1, an A. sieboldianus-derived BCP synthase Fig. 8 .
It has been reported that monoterpene synthases are 50-70 amino acids longer than sesquiterpene synthases because of the N-terminus transit peptide 46 . Snapdragon nerolidol/linalool synthase, AmNES/LIS-2, has 30 amino acids transit peptide and localizes in plastids 38 . Given that AscTPS3 has N-terminal extension of about 20 amino acids, it was a reasonable prediction of the iPSORT analysis that AscTPS3 would localize in plastids. On the other hand, the localization prediction of AscTPS1, AscTPS2a, and As-cTPS2b were contradictive. Sesquiterpene synthases have been reported to be located in the cytosol 46 . Thus, the subcellular localization of AscTPS1, AscTPS2a, and As-cTPS2b, which have similar N terminal sequences of cytoplasmic AsiTPS1a Fig. 1 derived from the same Araliaceae plant, are likely to be in the cytoplasm. On the other hand, there exist a few reports of sesquiterpene synthases which have transit peptide. For example, analysis of the Nterminus of Scots pine 1 10 , 5-germacradiene-4-ol synthase, PsTPS2, suggested the presence of a 37-amino acid plastid transit peptide 47 . However, its plastid localization has not been confirmed experimentally. If these sesquiterpene synthases localize in plastids, resolving the role and the importance of sesquiterpene production in the organelle would be interesting. As mentioned above, the edible plants studied in this work are also used as folk medicine. The fragrance of these plants proved to contain volatile terpenes, such as β-eudesmol and BCP, whose beneficial effects have been reported 10, 29 31 . This result leads us to expect that these volatile terpenes would be an effective ingredient in folk medicines and the intake of traditional foods prepared from these edible plants would have some positive effects on our health.
CONCLUSION
In the present study, novel TPS genes were cloned from traditional edible plants and expressed in the MVA-pathway-engineered E. coli. Products of the TPSs were analyzed by GC-MS, NMR, and so on. Consequently, β-caryophyllene synthase gene AscTps1, germacrene D synthase gene AscTps2, and 3S --linalool/ 3S --nerolidol synthase gene AscTps3 were isolated from A. sciadophylloides Koshiabura ,; β-caryophyllene synthase gene AsiTps1 was isolated from A. sieboldianus Himeukogi ; and β-eudesmol synthase gene CzTps1 and germacrene B synthase gene CzTps2 were isolated from C. zedoaria Gajutsu Fig. 11 .
